Tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), populations were collected from field locations in the Mississippi River Delta of Arkansas, Louisiana, and Mississippi. Third-instar F 1 nymphs from each field location, in addition to a laboratory colony, were screened for susceptibility to novaluron. Both a glass vial bioassay and a diet-incorporated bioassay used dose-response regression lines to calculate LC 50 and LC 90 values for novaluron. Mean LC 50s for glass vial bioassays ranged from 44.70 6 3.58 to 66.54 6 4.19 lg/vial, while mean LC 50s for diet-incorporated bioassays ranged from 12.10 6 0.77 to 17.63 6 2.42 lg/200 ml of artificial diet. A comparison of LC 50 values from the same field population screened using both bioassay methods failed to show a relationship. LC 50 values from field locations were compared with a historically susceptible population from Crossett, AR. Results indicated that considerable variability in susceptibility to novaluron exists within field populations of tarnished plant bugs across the Delta, including some locations with lower LC 50 values than a historically susceptible population.
The tarnished plant bug, Lygus lineolaris (Palisot de Beauvois), is a New World pest that is found in most agricultural areas of North and Central America. It is the primary pest of cotton, Gossypium hirsutum L., across the Mid-South (Williams 2015) . Of the 1,418,807 acres of cotton planted in the Mid-South during 2014, 99.5% of the acreage was infested with tarnished plant bugs, and 96% of the acreage received an average of four insecticide treatments (Williams 2015) . The eradication of the boll weevil, Anthonomus grandis grandis Boheman, and the introduction of genetically modified crops containing genes from the bacterium Bacillus thuringiensis for control of lepidopteran pests reduced the number of early season broad-spectrum insecticide applications and changed the dynamics of cotton pest management (Layton 1996 (Layton , 2000 .
The Delta region of the Mid-South is intensively farmed, and very little area is left undisturbed. Snodgrass et al. (1991) found that marginal habitats undisturbed by agricultural practices (including ditches, roadsides, and field edges) only accounted for 2.4% of a 6.4 km 2 area of Washington County, MS. While heavily cultivated, the landscape is also dynamic and heterogeneous. Of the commonly grown crops in the Delta, corn, cotton, soybeans, peanuts, and sorghum are host plants of the tarnished plant bug (Snodgrass et al. 1984 Young 1986; Abel et al. 2010) .
Some available management options include cultural methods including manipulation of crop placement, sequence of host plants, and proximity to other alternate hosts. Tarnished plant bugs are controlled almost exclusively with insecticide applications, and resistance to several classes of chemicals now complicates their control. Resistance was first observed in plant bug populations exposed to pyrethroids in 1993, and it was found to be wide spread in populations across Arkansas, Louisiana, and Mississippi (Snodgrass 1996a) . Additionally, these populations exhibited cross-resistance with some organophosphate and carbamate insecticides (Snodgrass 1994) . These observations have encouraged active monitoring of resistance (Snodgrass 1996a; Scott 2000, 2002; Snodgrass et al. 2009 ).
Insecticide resistance monitoring in Lygus was originally developed for contact insecticides using deposition of known doses on the inner surface of a 20-ml scintillation vial (Snodgrass 1996b ). Snodgrass and Scott (1999) developed a discriminating dose for monitoring pyrethroid resistance using vials treated with 15 lg of permethrin. Resistance to neonicotinoids, a systemic insecticide that exhibits activity via oral ingestion, can be monitored using a known dose of chemical mixed into a honey solution which is pipetted into a piece of floral foam and presented to Lygus for 72 h (Snodgrass et al. 2008) . Diet-incorporated assays are also used for orally ingested insecticides (Allen et al. 2012) . A newly developed solid diet for Lygus has also recently been used for screening insecticidal compounds, and may provide better experimental options for these types of future assays (Portilla et al. 2013) .
Unlike previously mentioned insecticides, novaluron is a benzoylphenyl urea or insect growth regulator, which acts as a chitin synthesis inhibitor and disrupts molting of immature insects (Hajjar and Casida 1978, Cutler and Scott-Dupree 2007) . As it targets a process primarily occurring in immature insects, it is not directly toxic to adults. Novaluron is translaminar and while post exposure mortality occurs primarily though ingestion, some mortality is a result of exposure of insects through contact (Ishaaya et al. 2003) . Applications are rain fast and presumably have little effect on natural enemies, making it an important component of integrated pest management (Cutler and Scott-Dupree 2007) . It was originally registered for use in the United States in 2001, and it is currently labeled for use on variety of edible crops, ornamental plants, and cotton (United States Environmental Protection Agency [US EPA] 2001).
Baseline data for susceptibility to an insecticide should ideally be taken previous to widespread use, especially in species with a history of developing resistance (ffrench-Constant and Roush 1990). Novaluron has been available for use in cotton for over 10 yr and, fortunately, no known control failures exist. While novaluron is recommended for use in cotton to control tarnished plant bugs across the Mid-South (Beuzelin et al. 2015 , Catchot et al. 2015 , Stewart and McClure 2015 , baseline data are currently lacking regarding susceptibility of tarnished plant bug populations to novaluron or variability in population responses to novaluron across the landscape. Through comparison of two bioassay methods, current baseline variations in resistance within the population are documented in the event resistance to novaluron develops in tarnished plant bugs.
Materials and Methods

Field-Collected Insect Populations
Tarnished plant bugs were collected from a variety of locations across Arkansas, Louisiana, and Mississippi between 2011-2014. Collection locations were chosen to represent geographic variability across the Mississippi Delta in locations where large populations were available. Additional populations were collected at some points and are not presented, as there were not enough insects available to complete bioassays. Insects at each location were captured from wild hosts plants using a sweep net in easily accessed areas primarily along roads. For each field location in each year, insects were taken in a single collection event. Locations were replicated where possible, but differences in management and plant community composition prohibited the same sites from being used throughout the study. The majority of insects collected were taken from mare's tail (Conyza canadensis (L.)), ironweed (Vernonia gigantea (Walter) Trel.), pigweed (Amaranthus spp.), and goldenrod (Solidago altissma L.). Adults and older nymphs (third to fifth instar) were aspirated from the sweep net, placed in paper ice cream cartons, and provided with green bean pods, Phaseolus vulgaris L., until return to the laboratory. Beans were previously washed and soaked in a 3% sodium hypochlorite solution to remove insecticide residues and insect pathogens before being used (Snodgrass 1996b ). In the laboratory, insects from each field location were transferred to an 8.3 l rectangular storage box (Rubbermaid, Huntersville, NC) with shredded paper and meridic diet (Cohen 2001) , and provided gel packs of carrageenan sealed in parafilm (Bemis Flexible Packaging, Neenah, WI) for oviposition (Patana 1982) . These field-collected insects were used to found a colony representing each collection location. Resulting offspring were used in comparisons of bioassay methods (described below) and resistance status at each of these collection locations. Insects were held under controlled abiotic conditions in an environmental chamber (constant 26 C; a photoperiod of 14:10 [L:D] h). Gel packs were replaced 3 times a week. Gel packs removed from rearing containers were placed in a 16-oz plastic food container (Solo Cup Company, Highland Park, IL), and emerging first instars were provided broccoli (Brassica oleracea L.). Second instars had broccoli removed and were given meridic diet. Insects were utilized for bioassays after molting to third instar.
Tarnished Plant Bug Laboratory Colony
Laboratory-reared insects from a colony established in 1998 were used as an experimental control and were kept at the United States Department of Agriculture Agricultural Research Service (ARS) Southern Insect Management Research Unit in Stoneville, MS. The colony is routinely reared following details outlined in Portilla et al. (2011) to provide large numbers of known-age insects. Insects were reared under controlled abiotic conditions in environmental chambers (constant 27 C; a photoperiod of 16:8 [L:D] h).
Glass Vial Bioassays
During 2011, 2012, and 2013, offspring from each field collection location and samples from laboratory controls were tested as third instars for resistance to novaluron using a glass vial bioassay (Snodgrass 1996b) . Glass vial bioassays involve exposure of subject insects to vials previously treated with insecticide. Technical-grade novaluron (Chem Service, West Chester, PA) was applied to the inner surface of each 20-ml glass liquid scintillation vial by pipetting 0.5 ml of insecticide diluted in pesticide-grade acetone (Fisher Scientific, Fair Lawn, NJ). Control vials received 0.5 ml of acetone alone. Five doses (20, 40, 80, 120, and 160 lg in each 0.5 ml acetone) and a control were set up, each with 10 vials per dose and control and each vial containing three nymphs, were used to test offspring from field populations in each location. Treatment vials were uncapped and rolled horizontally on a hotdog roller (Star MFG, Smithville, TN) without heat to evaporate the acetone and leave the novaluron residue evenly deposited on the vial walls. Control vials were similarly processed. Nymphs were exposed to novaluron in the vial for 3 h, during which the opening of the vial was plugged with a cotton ball to prevent escape. After 3 h, nymphs were removed from the scintillation vial and placed individually in a 36.9-ml soufflé cup (Solo Cup Company, Lake Forest, IL). Each nymph was provisioned with a 4-cm section of washed green bean as a food source. Nymphs were rated as dead or alive at 7 d after exposure, and fresh green bean sections were provided at 3 and 5 d after exposure.
Diet-Incorporated Bioassays
During 2013 and 2014, third instars reared from each location were evaluated for resistance to novaluron, with novaluron delivered via a meridic diet. Technical-grade novaluron was diluted to known concentrations in pesticide-grade acetone (5, 10, 25, 35 , and 50 lg in each 1 ml acetone). One milliliter of each of the solutions was incorporated with 199 ml of meridic diet (Cohen 2001) . The control diet received 1 ml of acetone alone. The diet was well mixed using a stainless steel hand blender in a glass beaker.
For the control diet and diet treatments containing known doses of novaluron, diet packs were made using 5 ml of each diet sealed into a 5.1 by 10.2 cm 2 parafilm pack using a heat sealer. Assay containers were 16-oz plastic food containers with holes cut in both the lid and the bottom of the cup, and the plastic replaced with a fine organza. Deli cups were filled with shredded paper, a single diet pack, and 15 third-instar nymphs. Insects were checked at 3 and 5 d and given a fresh diet pack, and at 7 d rated as dead or alive. Cups with live insects were given a fresh diet pack at 3 and 5 d.
Data Analysis
Mortality from bioassays was corrected for control effects by using Abbott's formula (Abbott 1925) . Corrected data from the bioassays were analyzed using a probit model to calculate slope, LC 50 , LC 90 , and confidence intervals (SAS Institute 2013). Bioassays were considered significant when the slope of the line was significant (P < 0.05). Probit trends with significant (P < 0.05) goodness of fit test were evaluated to ensure the form of the trend being modeled was appropriate. Resistance ratios (RR 50 ) and confidence intervals were calculated using Robertson and Priestler (1992) . The RR 50 compares the LC 50 values for tarnished plant bug populations tested to those from a location in Crossett, AR, that has historically been the source of susceptible field populations. Crossett, AR, is located outside the Delta agricultural production area in a landscape dominated by pine and hardwood timber production, resulting in no measurable application of insecticides for row crop pests. Bioassay methods were compared using LC 50 and LC 90 values from six field populations tested in 2013 using both glass vial and dietincorporated assays. LC 50 and LC 90 values for each location were contrasted using linear regression (SAS Institute 2013).
Results
Glass Vial Bioassays
The mean LC 50 values for field populations assayed and found to have a significant regression in 2011, 2012, and 2013 
Diet-Incorporated Bioassays
The mean LC 50 values for populations tested using a diet-incorporated bioassay in 2013 and 2014, respectively, were 17.63 and 12.10 lg per 200 ml of artificial diet (Table 1) . Of the 19 total field populations collected and tested over the course of 2 yr, two populations failed to produce a significant regression ( 
Relationship Between Bioassay Methods
During 2013, six populations were screened using both a glass vial bioassay and a diet-incorporated bioassay to determine if there was a relationship between LC 50 and LC 90 levels for the two methods. Using values for the six locations assayed, there was no correlation between the two assay methods using either the LC 50 (F ¼ 0.00; df ¼ 1,4; Pr > F 0.98) or LC 90 (F ¼ 0.01; df ¼ 1,4; Pr > F 0.93).
Discussion
The tarnished plant bug, Lygus lineolaris, is a major pest of cotton across the Mid-South and is managed primarily through chemical control. As populations have developed resistance to several other classes of insecticides, monitoring tolerance to novel chemistries is an important component of pest management. Ideally, resistance management should begin with the introduction of novel chemistries (Jutsum et al. 1998 ). This is the first report of baseline tolerance of tarnished plant bugs to novaluron in the Mid-South United States. Data from this study indicate that that while no known instances of resistance have occurred with novaluron, considerable variability in susceptibility currently exists within tarnished plant bugs across the Mid-South. While resistance ratios have been important in monitoring for resistance to some insecticides in the past, they are presented here as a descriptor of variability, as no known resistance has been observed. These values will provide information in the event that resistance to novaluron does occur in tarnished plant bugs.
While tarnished plant bug populations from Crossett, AR, have been used as a historically susceptible location for evaluating tolerance to insecticides Scott 2000, Snodgrass et al. 2009 ), locations with lower LC 50 values were observed in both bioassay methods suggesting that there is natural variation within populations across the Mid-South. Further study of populations collected from Crossett, AR, and their use as a susceptible population is needed, as significant variation in LC 50 was observed amongst years. The observed variation between years may be due to natural gene flow within the population of the area, or potentially due to changing agricultural cropping practices across the Delta. Additionally, LC 50 values were higher for the laboratory population than for several of the field-collected populations, though close in LC 50 values in repeated assays (Table 4 ). While the LC 50 values observed are higher than those of some field populations, a laboratory colony of tarnished plant bugs with a steady LC 50 may be a better choice for use in repeated assays monitoring spatial and temporal variation. Results from the current study indicate that novaluron is toxic through both ingestion of a treated artificial diet and through contact with residual deposits on glass. The higher slope values of greater than 1 associated with the diet-incorporated bioassays ( Table 2 ) may suggest that the diet-incorporated assay that includes ingestion may be a better method than contact bioassays to monitor tolerance to novaluron in L. lineolaris populations, neither of these methods is ideal. A recently developed semisolid diet for Lygus spp. may prove useful in designing an assay method that could assess a combination of both contact and ingested toxicities (Portilla et al. 2013) . Additionally, an assay that successfully combines contact and ingested exposures, in conjunction with reducing handing mortality, may be helpful for developing monitoring programs for other translaminar insecticides used for control of Lygus spp. Studies of novaluron in other groups of insects have shown sublethal effects on progeny when insecticide is applied to adults (Alyokhin et al. 2008 , Kim et al. 2011 , Amarasekare and Shearer 2013a . Experiments with Deraeocoris brevis (Uhler), another mirid species, showed decreased longevity, fecundity, fertility, and egg viability when adults were exposed to novaluron (Amarasekare and Shearer 2013b) . While this study used third instars for ease of handling, others have found differences in susceptibility and mortality to novaluron based on instar (Owen et al. 2011 , Portilla et al. 2013 ). These findings, in combination with information from prior studies, suggest the need for further detailed studies on novaluron's effects on population age structure and distribution in Lygus spp., along with explorations of potential transovarial activity. 
